Abstract
I. INTRODUCTION
The dynamics and Reynolds number scaling behaviors of the zero-pressure-gradient tur-22 bulent boundary layer flow (ZPG-TBL) have received continuous attention for more than 23 a century [1] [2] [3] [4] [5] . Despite the wealth of knowledge accumulated over this time frame, the 24 fundamental understanding of how the relevant variables describing this canonical flow are 25 interconnected remains incomplete. In particular, while the scaling properties of the mean 26 streamwise velocity, U, and the turbulent shear stress, T = −ρ uv , have been well-studied 27 and documented, the properties of the mean wall-normal velocity, V , and its scaling be-28 haviors have received little attention. These behaviors, however, connect to the important 29 processes of free stream momentum entrainment and boundary layer growth.
30
The lack of studies and understanding of V (x, y) can be attributed to at least two inter-31 related reasons. One is that, owing to its small magnitude, in physical experiments V 32 is extremely challenging (practically impossible in many cases) to accurately measure. For 
44
In the remainder of this paper we first describe the scaling behaviors of the V profile 45 in the turbulent regime. This is followed by an integral based development revealing the
Here a superscript + denotes 47 normalization using the kinematic viscosity, ν, and friction velocity, u τ = τ wall /ρ, where 48 τ wall is the mean wall shear stress, ρ is the fluid density, and C f is the skin friction coefficient.
49
The validity of this relation is analytically verified for laminar flow, and is shown to hold to 50 very good accuracy in the turbulent regime. Over the transitional regime it is difficult to test the validity of this relation owing to the lack of sufficiently high quality, and this matter 52 is briefly discussed.
53

II. SCALING OF V
54
In the canonical turbulent boundary layer, the mean velocity components and mean 
61
The scaling properties of the mean streamwise velocity, U, and turbulent shear stress velocity by which to scale the mean wall-normal velocity in the outer region.
85
Guided by the above observations, a number of other normalizations were investigated.
86
Overall, these efforts uncovered that the V data appear to follow a single curve when nor- 
III. INTEGRAL ANALYSIS OF ZERO-PRESSURE-GRADIENT BOUNDARY
100
LAYER FLOWS
101
Physical insights into the above scaling behaviors are gained via analysis of the momen- 
106
Under the boundary layer approximations the continuity and streamwise mean momen-107 tum equations for the canonical ZPG-TBL are
Note here that the appropriate equation for laminar flow is recovered by setting ∂T /∂y = 109 0. Defining the normalized variables as
the normalized continuity and momentum equations respectively become
where the appearance of the friction velocity follows from its relation to the wall shear stress.
113
Definition of displacement thickness, δ 1 , is
and definition of momentum thickness, θ, is
Thus the shape factor, H, becomes
Combining equations 6, 7 and 10 then yields
Provided the boundary layer approximation holds, equation 11 is valid for any ZPG bound- 
freestream velocity components are respectively given by
Combining these relations yields
This provides an analytical verification of the relation U If, however, experimental data is available to extract the gradient of the boundary layer 143 thickness growth rate, dδ/dx, equation 15 can be used to estimate U
In many experimental studies of boundary layer flows, measurements of δ, δ 1 , and C f are Re θ direction is rather coarse. The results from their data at stations x = 2.5m and 3.5m are 
157
The difference is again likely to be attributable to the error in estimating dδ/dx. For example, however, needed to check the validity of this relation more directly.
164
DNS is designed to capture the full physics embodied in the Navier-Stokes equations, and 
